Abstract. The radiative parameters of mineral aerosols are strongly dependent on particle size. Therefore explicit modeling of particle size distribution is needed to calculate the radiative effects and the climate impact of mineral dust. We describe a parameterization of the global mineral aerosol size distribution in a transport model using eight size classes between 0.1 and 10•m. The model prescribes the initial size distribution using soil texture data and aerosol size measurements close
Introduction
The radiative effect and climate impact of aerosols is one of the largest uncertainties in modeling the radiative forcing of climate change. So far no systematic assessment of the climate impact of mineral dust aerosol has been carried out, although in many regions desert dust contributes the major part of the aerosol mass loading, occasionally producing prominent features in satellite optical thickness retrievals [Rao et al., 1988] . Owing to frequent occurences of high mass loading and optical thicknesses, mineral dust aerosol can be expected to influence local climate features, as well as the global radiation budget. As dust loading in the atmosphere is highly variable in space and time, its actual distribution is difficult to quantify. A global transport model [Tegen and Fung, 1994] dust is generally larger in size and more absorbing at solar wavelengths. This results in increased atmospheric heating in the presence of dust along with decreased incident solar radiation at the ground and some greenhouse trapping of outgoing thermal radiation. Therefore to accurately determine the combined effects on solar and thermal radiation, explicit calculations of radiative transfer are necessary.
As shown in previous general circulation model (GCM) simulations [Coakley and Cess, 1985; Tegen and oeacis, 1994] , the principal radiative effect of mineral dust aerosol is to heat the atmosphere, with the maximum heating occuring in source regions. Locally, this could inhibit convection and reduce cloud cover and precipitation. Thus for realistic GCM simulations of mineral dust, the radiative effects of the particle size distribution, as well as the space-time distribution of dust concentrations, must be explicitly included in the model calculations.
Mineral Dust Transport Model
To determine the spatial and temporal distribution of desert dust, including particle size information, we begin with a source and sink parameterization for desert dust described by Tegen and Fung [1994] We chose a threshold velocity of 6.5ms -• at 10-m height, corresponding to Karma et at. [1988] . Since high-resolution wind data are required for these calculations, we used the European Center for Medium Range Weather Forecasts (ECMWF) wind products (10-m surface winds) with a spatial resolution of 1.125ø x 1.1250 and 6-hour time resolution. Removal of dust by wet deposition was parameterized using climatological precipitation data [Shea, 1986] Soil particle size distributions were derived from the 10 x 10 data set of soil types and particle sizes [Zobter, 1986] , where the fractions of three major size classes are given as percentages of total soil mass in each grid box. The size classes are sand (particle radius larger than 25 rim), silt (particle radius between i and 25 rim), and clay (particles smaller than 1 ttm). Since the atmospheric lifetime of particles larger than 10ttm is less than a day, only particles smaller than 10 rim need to be considered for calculations of dust radiative effects.
For each size fraction the model calculates deflation, transport, and deposition. In our model, particles from different size classes do not interact with each other.
The physical mechanism that affects the different particle size classes in the model is gravitational settling, as larger particles have shorter atmospheric lifetimes due to their higher sedimentation velocity.
Optical Thickness and Radiative
Properties of Dust Dust mass loading and optical thickness are related by
where M is the column mass loading for each size class, p is the particle mass density, r is the effective radius Table 1 ). Also shown is the single scattering albedo, coo (which is the ratio of scattering optical thickness to extinction optical thickness), and asymmetry parameter g (which is the weighted mean of the cosine of the scattering angle). The Mie scattering calculations are made using the standard gamma size distribution with an effective variance of 0.2 [Hansen and Travis, 1974] for sizes spanning the dust size spectrum. The spectral range from 0.3 to 30 rim covers the solar and thermal regimes with 3 rim as the approximate dividing line. To note is the strong dependence on particle size of the extinction efficiency at solar wavelengths for submicron particles, the decrease in single scattering albedo with particle size at solar wavelengths, and the increase in extinction efficiency at thermal wavelengths for the larger particle sizes.
To express the spectral dependence of dust optical properties in terms of their radiative properties, we have inserted the optical parameters from Table i summarizes the mean atmospheric lifetimes, the annual source strengths, the mean column mass load, the extinction factors Qe•t referenced at a wavelength of 0.55 rim, and the resulting optical thicknesses also referenced at 0.55 rim for the eight dust size classes. The numbers for global mean mass loading show that particles larger than 1.8 rim contribute only about 20% to the total dust mass loading, while this size fraction contributes about 60% to the total source strength for particles in the size range between 0.1 and 10 rim. Particles larger than 1.8 rim contribute only about 4% to the mean optical thickness, as r decreases with increasing particle radius for a given mass load. Particles in the radius range between 6 and 10 rim contribute only 0.2% to the mean optical thickness. This supports our omission of particles larger than 10 rim from consideration in the dust model as their radiative effect is negligible, although their source strengths may be significant. While about 60% of the modeled dust mass loading is caused by particles in the size range of 0.6 to 1.8rim, about 60% of the optical thickness is caused by particles in the range of 0.3 to 1rim.
The above approach in describing size distributions has the advantage of enabling dynamic modeling of changes in particle size distribution due to gravitational settling. Figure 5 shows the modeled annual mean optical thickness at 0.55rim for the combined eight particle size fractions of the desert dust aerosol integrated over all vertical layers. The results are in good agreement with the advanced very high resolution radiometer (AVHRR) observed optical thickness retrievals [Rao et al., 1988] . The maximum calculated optical thickness is 0.5 over Saudi Arabia in July, the global annual mean desert dust optical thickness is 0.03.
5.
Radiative Effect of Dust For a dust layer at a height of 0-3 km (which might be the most representative case), the critical particle radius that determines whether the radiative forcing is positive or negative is about 1.8 ttm.
These results underscore the need for accurate modeling of horizontal and vertical dust distributions and particle size distributions in order to calculate the radiative and climate effects of desert dust, since even the sign of the response depends on the effective particle size and the height distribution of the aerosol. For a preliminary assessment of the climate impact of the spatial and temporal variability of the radiative forcing by desert dust, we used the radiative code of the 8 ø x 10 ø GISS GCM [Tegen and Lacis, 1994] . For these first experiments only one "clay" and one "silt" class were considered, with the calculations performed for effective particle sizes of about 0.5 and 2/•m, respectively.
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To obtain a measure of the instantaneous radiative forcing by the dust, the model was run with prescribed sea surface temperature but without allowing the effects of aerosol heating to influence the cloud cover and model winds. The results for a i-year run were then differenced against unforced control run results.
On the basis of these calculations, the desert dust was found to cause a global albedo decrease due to the increased absorption at solar wavelengths. The effect is largest in areas with a high dust loading; particularly, the Sahara, the Arabian Peninsula, the Central Asian deserts, northern China and Australia. The calculated regional maximum changes in net radiative flux at the top of the atmosphere are about +15Wm -2 at solar and +5Wm -2 at thermal wavelengths in the annual mean.
A more complete evaluation of the dust effects on climate requires running the GCM with interactive feedbacks allowing for changes in cloud cover and atmospheric dynamics. Initial results with the 8 o x 10 ø GISS GCM suggest that the additional atmospheric heating tends to generate greater stability above dust loaded regions.
Conclusions
To calculate the radiative effects and climate impact of desert dust aerosols realistically, an accurate parameterization of dust particle size distribution is necessary, since even the sign of the radiative effect depends on the size of the aerosol. It is found that the essential characteristics of the desert dust transport can be reproduced using eight different particle size classes as individual tracers, spanning the range between 0.1 and 10 ttm radius. As the size classes are transported individually, changes in the mass size distribution of each category can be described by the model. Gravitational sedimentation and rainout are the principal loss mechanisms. Processes like coagulation or destruction of agglomerates which also could cause a change in dust size distribution, were not considered since observational constraints on such processes are not available.
While the column mass load is mainly determined by particles in the size range of 0.6 to 1.8 ttm, the optical thicknesses are mainly determined by particles in the size range between 0.3 and lttm. The contribution of particles larger than 10 ttm to the dust optical thickness can be neglected. So far, radiative transfer calculations with the GISS GCM have been carried out using two particle size categories. In future experiments, the eight size classes that are described above will be included in the radiation calculations. It is expected that this new parameterization will provide a more realistic representation of the radiative effects of desert dust. The sensitivity of the radiative effects on the aerosol size distribution will be investigated.
